INTRODUCTION
In striated muscle, the release of Ca2+ from the SR is mediated by a Ca2' release channel in response to an action potential by a mechanism referred to as E-C coupling (see reviews by Rios and Pizarro, 1991; Franzini-Armstrong and Jorgensen, 1994; Schneider, 1994) . The SR Ca2+ release channels are also known as RyRs because of their ability to bind the plant alkaloid ryanodine with high affinity and specificity. Mammalian tissues express three structurally related RyRs encoded by three different genes: a skeletal muscle (RyRl), cardiac muscle (RyR2), and neuronal and smooth muscle (RyR3) isoform. The skeletal muscle and cardiac muscle RyRs have been purified as 30-S protein complexes composed of four polypeptides of -5000 amino acids each. The very large subunits presumably allow a complex pattern of regulation of channel activity, because functional studies have shown that the skeletal and cardiac muscle Ca2+ release channels may be regulated by various endogenous effector molecules including Ca2+, Mg2+, ATP, and CaM (see reviews by Coronado et al., 1994; Meissner, 1994) .
Photoaffinity labeling studies with native SR vesicles indicated that CaM predominantly binds to high Mr skeletal and cardiac SR proteins now known to be the RyR polypeptides (Seiler et al., 1984) . More recently, native skeletal muscle SR vesicles were used to study the channel's interaction with CaM by fluorescence anisotropy by using rhodamine maleimide-labeled wheat germ CaM (Yang et al., 1994) . These (Takeshima et al., 1989; Zorzato et al., 1990; Chen and MacLennan, 1994; Menegazzi et al., 1994) . Electron microscopic studies with purified RyRs and gold-cluster-labeled CaM indicated that one CaM-binding site is at the surface that faces the cytoplasm (Wagenknecht et al., 1994) .
Single-channel measurements showed that CaM inhibits the SR Ca2+ release channel by reducing channel open time without having an effect on single-channel conductance . Channel inhibition was reversible and an only partial (two-to sixfold) rather than complete inhibition by CaM was observed. Calmodulin inhibited SR Ca2+ release and single-channel activities in the absence of ATP, which suggested a direct inhibitory action of CaM (Meissner, 1986; Meissner and Henderson, 1987; Plank et al., 1988; Fuentes et al., 1994) .
In this study we compared the CaM-binding properties and regulation by CaM of the skeletal muscle Ca2+ release channel by using rabbit skeletal muscle SR vesicles and purified channel preparations. Our results indicated that the tetrameric channel complex binds with nanomolar affinity 4 
Preparation of SR vesicles
Heavy SR vesicle fractions enriched in [3H]ryanodine binding and Ca21 release channel activities were prepared in the presence of protease inhibitors (100 nM aprotinin, 1 ,uM leupeptin, 1 ,uM pepstatin, 1 mM benzamidine, 0.2 mM phenylmethylsulfonyl fluoride) as described (Meissner, 1984) . Vesicles were purified by sucrose gradient equilibrium centrifugation in the presence of micromolar Ca21 concentration and a high ionic strength buffer (0.6 M KCI) that favored dissociation of endogenous CaM from the SR Ca2' release channel (see Fig. 2 ).
Purification and reconstitution of Ca2+ release channel
The Ca2' release channel was purified as a 30-S protein complex by sucrose gradient rate centrifugation after solubilization of heavy SR vesi- cles in the presence of CHAPS (Lai et al., 1989) . The purified 30-S protein complex was reconstituted into proteoliposomes by removal of CHAPS by dialysis (Lee et al., 1994a) . Proteoliposomes were quick-frozen and stored at -75°C. Before use, samples were freeze-thawed and sonicated as described (Lee et al., 1994a mg/ml BSA. Vesicles on the filters were washed three times with 5 ml of 0.1 M KCl, 10mM K-PIPES, pH 6.8 buffer containing 0.2mM EGTA and 0.1 mg/ml BSA.
45Ca2' efflux measurements SR vesicles (5-10mg protein/ml) were passively loaded for 60 min at 23°C with 2 mM 45Ca21 in media containing 0.1 M KCl, 20 mM K-PIPES, pH 6.8, and the indicated concentrations of CaM as described (Meissner, 1986 ). 45Ca2' efflux was initiated by diluting vesicles 1:300 into isoosmolar efflux media and stopped by placing 0.4-ml aliquots at various times on a 0.45-,um filter (type HA, Millipore). Filters were washed with a quench solution containing 0.1 M KCl, 20 mM K-PIPES, pH 6.8, 10 mM Mg2+, 20 ,uM ruthenium red, and 0.2 mM EGTA. Radioactivity remaining with the vesicles on the filters was determined by liquid scintillation counting. The time course of 45Ca2' efflux from the Ca2+-permeable vesicle population was obtained by subtracting the amount not readily released (Meissner, 1986 
Single-channel recordings
Single-channel measurements were performed by fusing proteoliposomes containing the purified skeletal muscle Ca2+ release channel with MuellerRudin type bilayers containing phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine in the ratio 5:3:2 (50 mg total phospholipid/ml n-decane) (Lee et al., 1994a (Takeshima et al., 1989; Zorzato et al., 1990; Chen and MacLennan, 1994; Menegazzi et al., 1994) .
In this study, the binding of the Ca2+-free (at <0.1 ,M free Ca2+) and Ca2+-bound (4 Ca2+/CaM at 2100 ,M Ca2+) forms of CaM was determined (George et al., 1990 (Lee et al., 1994a) . Taken together, the data of (5) 12.7 ± 1.5 (4) 10-4 M Ca2+ 3.1 ± 0.4 (7) 4.2 ± 0.4 (3) 2.4 ± 0.3 (3) Binding parameters were determined as described in Fig. 1 .
The skeletal muscle Ca2+ release channel is regulated by various effectors including Ca2+, Mg2+, and ATP, as well as pH and ionic strength (Meissner, 1994 (Meissner, 1986; Plank et al., 1988; Smith et al., 1989; Fuentes et al., 1994) In studies with sea urchin egg microsomes, CaM potentiated the activation of the RyR by cyclic ADP ribose (Lee et al., 1994b ated relatively slowly from the RyR on transfer from a low to high Ca21 medium (Fig. 3) . It (Xu et al., 1993 (Smith et al., 1986) in the presence of 15 nM Ca2+. In the second one, we adjusted the cis free Ca2+ to 150 nM (the resting level normally found in the cytoplasm) to achieve a small level of channel activity. In this case, the cis chamber also contained 2 mM Mg-ATP to further simulate the myoplasmic composition.
We observed that addition of 2 mM ATP to the 15 nM Ca2+ medium on the cis side of the bilayer chamber increased channel open probability from close to zero to either a lower level (P0 increased from -0 to 0.006 ± 0.002, n = 4) or higher level (P. increased from 0.010 ± 0.003 to 0.06 ± 0.01, n = 4) (not shown). We have no explanation for the differential effects of ATP at this time. The addition of 1 ,uM CaM further activated the ATP-activated channels (right top trace of Fig. 9 ). In all eight experiments, a two-to sixfold increase in P0 was recorded without a noticeable effect on single-channel conductance. The effects of CaM on the activity of the more active channels were analyzed by carrying out a detailed time analysis of the single-channel events ( Fig. 9, Table 2 ). Addition of 1 AM CaM cis increased P0 1.5-to 5-fold (P < 0.03, n = 9). For time analysis, we selected four recordings in which channel activity was continuously recorded for 2 min before and after the addition of CaM. The mean number of 10 nM (n = 3). In control experiments, we tested the specificity of the activating effects of CaM by adding to the cis chamber BSA instead of CaM. Addition of 1 ,uM BSA was without any noticeable effect, whereas the subsequent addition of 1 ,uM CaM increased PO threefold (P < 0.05, n = 10). This suggests that, at low [Ca2+], CaM activated the Ca2' release channel by a specific interaction.
The two lower recordings of Fig. 9 illustrate the effects of CaM on Ca2+ release channel activity in the presence of micromolar (50-100 ,uM) concentrations of free Ca2+ in the presence and absence of 2 mM Mg-ATP. In both recordings, the addition of 1 ,uM CaM cis caused a severalfold PO refers to open time probability. Dwell-time data were fitted by the maximum likelihood method to the probability density function: At) = ;Ai (1/i) exp (-tIT) , where Ai and Tr are the relative areas of the distributions and time constants of the ith state, respectively (Colquhoun and Sigworth, 1983) . In 15 nM Ca2+, 2 mM ATP cis, both the open and closed time histograms could be fitted by the sum of two exponentials, and in 150 nM Ca2+, 2 mM Mg-ATP cis, the open time histogram could be fitted by a single exponential and the closed time histogram by the sum of two exponentials. *Values significantly different from the control (P < 0.05; n = 4). . l .
decrease in channel activity. Ca2+-activated channel activities were inhibited by CaM in a dose-dependent manner (Fig. 10) Channel parameters were determined as described in Table 2 (Chen and MacLennan, 1994; Menegazzi et al., 1994 (Figs. 5 and 6) , because vesicles incubated with 1 ,uM CaM bound only slowly additional CaMs when transferred from a high to low Ca21 medium (Fig. 3) . However, it should be noted that our [3H]ryanodine binding (Fig. 8 ) and single-channel (Fig. 9 ) measurements indicated that optimal activation required the binding of 16 CaMs/RyR (Figs. 8 and 9 ).
The effects of cyclic ADP ribose on Ca2+ release channel activity were tested because CaM has been recently reported to potentiate the activity of the cyclic ADP ribose-liganded sea urchin egg RyR (Lee et al., 1994b) . However, we were unable to observe a significant stimulating effect of cyclic ADP ribose on the CaM-activated skeletal muscle Ca2+ release channel. (Fuentes et al., 1994) to seconds (Meissner, 1986 CaMs bind to each RyR tetramer, keeping the SR release channel in a slightly activated form. During E-C coupling, as Ca21 is released from the SR, the RyR is further activated by the released Ca2+ (Schneider, 1994) 
